The geochemistry of Martian meteorites provides a wealth of information about the solid planet and the surface and atmospheric processes that occurred on Mars. The degree to which Martian magmas may have assimilated crustal material, thus altering the geochemical signatures acquired from their mantle sources, is unclear 1 . This issue features prominently in efforts to understand whether the source of light rare-earth elements in enriched shergottites lies in crustal material incorporated into melts 1, 2 or in mixing between enriched and depleted mantle reservoirs 3 . Sulphur isotope systematics offer insight into some aspects of crustal assimilation. The presence of igneous sulphides in Martian meteorites with sulphur isotope signatures indicative of mass-independent fractionation suggests the assimilation of sulphur both during passage of magmas through the crust of Mars and at sites of emplacement. Here we report isotopic analyses of 40 Martian meteorites that represent more than half of the distinct known Martian meteorites, including 30 shergottites (28 plus 2 pairs, where pairs are separate fragments of a single meteorite), 8 nakhlites (5 plus 3 pairs), Allan Hills 84001 and Chassigny. Our data provide strong evidence that assimilation of sulphur into Martian magmas was a common occurrence throughout much of the planet's history. The signature of mass-independent fractionation observed also indicates that the atmospheric imprint of photochemical processing preserved in Martian meteoritic sulphide and sulphate is distinct from that observed in terrestrial analogues, suggesting fundamental differences between the dominant sulphur chemistry in the atmosphere of Mars and that in the atmosphere of Earth 4 . Sulphur isotope analyses were undertaken using sequential chemical extraction from whole-rock meteorite samples followed by dual-inlet isotope ratio mass spectrometry and in situ secondary ion mass spectrometry (SIMS). The abundance of sulphur extracted from each fraction is reported in Supplementary Table 1 Supplementary Table 2a ) and were normalized to measurements of Cañon Diablo Troilite (CDT). A subset of the data, identified with anomalous sulphur isotopic signatures, is reported in Supplementary Table 2b . Anomalous sulphur isotope effects, which produce massindependent fractionation (MIF), are those in which isotope selection depends on factors in addition to the classical (mass-dependent) selection rules associated with molecular vibrations, rotations and translations. These effects are typically characterized by significant deviations of D S variation in Martian meteorites rule out such mixing and distillation and have led to the suggestion that the Martian signatures reflect a mass-independent effect, attributed to ultraviolet photochemistry 5, 6 . We discuss below how the MIF signatures observed in this study provide insight into processes of assimilation of sulphur into magma during transport (observed in shergottites), processes of assimilation of sulphur salts or sulphur-bearing fluids at the time the flows were emplaced (observed in nakhlites), and in some cases processes that introduce MIF sulphur signatures through secondary alteration processes on Mars.
The shergottites are igneous rocks that lack evidence of extensive secondary mineralization 7 . We extracted acid-volatile sulphur (AVS, predominantly monosulphide) from shergottites representing each mineralogical and trace element category identified in the literature. The isotopic composition of the AVS fraction reveals uniformity among these samples ( S that did not originate in the mantle. However, the D
33
S of the mean is tightly constrained and close to the value measured for CDT and bulk chondritic sulphur (average, 0.002 6 0.005% (s.e.m.) 6 0.025% (s.d.); refs 8, 9). Data for groups of enriched versus depleted shergottites and mafic versus ultramafic shergottites are distributed about the mean, and the sulphur isotopic composition of Y980459, which is one of the most primitive shergottites and is thus inferred to represent Martian mantle composition 10 , notably lies close to the mean. Although other processes may have influenced the sulphur isotopic composition of shergottites, the mean value of 0.009% provides a reasonable measure of the juvenile D 33 S of Mars. This signal is less 33 S-enriched than those observed in some achondrite groups and minor components of chondrites that have been interpreted to reflect heterogeneity in planetary precursor materials 9, 11, 12 . The variability in D 33 S of Martian sulphur, chondritic sulphur 8, 9 and terrestrial mantle sulphur 13 is less than 0.01%, implying that sulphur was well mixed in the most abundant inner Solar System materials. The d
34
S values derived from our shergottite AVS data are also homogeneous and yield a mean value within error of the CDT value, suggesting efficient mixing in the Martian mantle and little or no fractionation of sulphur isotopes during core formation.
Three shergottites have resolvable mass-independent AVS D S values of 0.063 6 0.014%, 0.093 6 0.008% and 0.054 6 0.008%, respectively. Because MIF sulphur signatures are not produced by magmatic processes, these observations suggest that sulphur was fractionated by ultraviolet photochemistry in the Martian atmosphere 5, 6 , deposited onto the surface and ultimately assimilated into melts, where it was reduced and incorporated into igneous sulphides. NWA 2990, NWA 5960 and Los Angeles also exhibit trace element and radiogenic isotopic characteristics that some workers have interpreted to indicate incorporation of crustal material [14] [15] [16] [17] . The coincidence of anomalous sulphide with other geochemical characteristics, including evidence for crystallization under relatively oxidizing conditions [14] [15] [16] [17] , suggests a link between anomalous sulphur in igneous minerals and assimilation of crustal material into the melts.
Chemical extractions of sulphide (AVS, chromium-reducible sulphur or both) from Nakhla 5, 6 MIL 03346 is an unusual, fast-cooled nakhlite possessing skeletal iron oxide grains and interspersed sulphide in the mesostasis 18 ( Fig. 3 and Extended Data Figs 4-6), offering a rare perspective on the petrogenesis of its anomalous pyrrhotite. The heterogeneous, non-zero D
33
S of pyrrhotite grains in MIL 03346 suggests a non-equilibrium process associated with assimilation of sulphur salts during emplacement of the magmatic flow from which this meteorite was derived. Assimilation may also be reflected in the highly oxidized state of this meteorite, because reduction of one mole of S(VI) to S(II2) consumes eight moles of electrons and has the potential to oxidize eight moles of Fe(II) to Fe(III). Assimilation of an oxoanion salt such as sulphate, which would lead to iron loss from pyroxene and formation of magnetite and sulphide, is consistent with both the abundance of iron oxide (magnetite) in MIL 03346 and the variable D
S observed in its sulphide minerals. We interpret the differences in D
S observed in pyrrhotites of MIL 03346 and Nakhla to reflect local differences in the proportion and sulphur isotopic composition of assimilated sulphate.
ALH 84001 yielded two pyrite grains with D LETTER RESEARCH this meteorite 20, 21 . There is no evidence that the analysed grains are in brecciated or fragmented zones. Instead, we observed close association of the sulphides with Cr-spinel and maskelynite, as reported in ref. 19 . These pyrites have sulphur-poor compositions (Supplementary Table  4) , suggesting a possible origin in incomplete sulphurization of igneous pyrrhotite by hydrothermal fluid bearing crustal-derived sulphur-a second mechanism for imparting heterogeneous MIF sulphur isotopic signatures to the meteorites.
Sulphate fractions of the meteorites ( (Fig. 4) implies MIF production by different pathways from those that operated on the early Earth and in Earth's stratosphere today 4, 31 . Furthermore, the positive D The images illustrate the association between pyrrhotite (bright yellow) and skeletal magnetite (light grey) grains in the intercumulus matrix. 
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atmosphere or in the speciation of sulphur-bearing volcanic gases over time, or it could reflect complementary sulphur products generated by a single photochemical process, as suggested by the uniform array formed by the isotopic signatures of these meteorites in the D 36 S2D 33 S space. The prevalence of sulphur extracted as sulphate implies the predominance of sulphate-formation pathways in the generation or preservation, or both, of MIF sulphur on Mars. Evidence for the transfer of sulphate with anomalous D
33
S to the regolith is present in meteorites with a variety of protolith ages (ALH 84001, the nakhlites, Chassigny and six shergottites), suggesting that production of mass-independent signatures was sustained throughout much of Mars' history. Assimilation of sulphate with anomalous D
S by Martian melts also seems to have been a common occurrence, as evidenced by isotopic anomalies in sulphide extracted from ALH 84001, several nakhlites and three shergottites (NWA 2990, NWA 5960 and Los Angeles), as well as the small D
S variability in the population of shergottites. These observations imply the cycling of sulphur between the regolith and magma that erupted at, or near, the Martian surface.
Anomalous sulphur transferred from surface materials into Martian igneous minerals provides a sensitive marker for crustal assimilative processes, but the absence of a MIF signal in igneous sulphides does not constitute evidence for the absence of assimilation. For example, the composition of light rare-earth elements in early-trapped melt inclusions in LAR 06319 is similar to that in whole rock, indicating that this meteorite probably derived its enrichment properties from partial melting of an enriched and oxidized mantle reservoir, which did not involve assimilation of crustal material 32 . Although this interpretation is in accord with our evidence that MIF sulphur was added to LAR 06319 during post-crystallization alteration, the sulphur isotope ratios cannot rule out assimilation of crustal sulphur that did not bear a MIF signature. Considered in conjunction with data for other isotopic systems and trace element characteristics, sulphur isotope systematics present a powerful tool for reconstructing the geological history of Mars.
METHODS SUMMARY
A sequential chemical extraction procedure was used to obtain sulphur isotope ratios for different mineral phases in powdered whole-rock samples. Each sample powder was pre-treated by sonicating in Milli-Q water to extract water-soluble sulphate, which was converted to barium sulphate and dried for later reduction. The sample powder was then processed with a series of three acidic solutions to extract different sulphur-bearing phases. In the first step, the sample was heated with 5 N HCl under flowing N 2 gas. AVS in the sample, presumed to consist primarily of monosulphides, reacted with the HCl to produce H 2 S gas, which was collected in an acidic capture solution containing AgNO 3 . In two subsequent steps, additional reduction solutions were injected into the boiling flask for sequential extraction of acid-soluble sulphate and chromium-reducible sulphur from the sample.
The H 2 S produced in each step of the extraction process reacted with AgNO 3 in the capture solution to form Ag 2 S, which was rinsed with Milli-Q water and a 1 M NH 4 OH solution, and then dried. Samples of Ag 2 S were reacted with ,10-fold stoichiometric excess of pure F 2 at ,250 uC. Product SF 6 was purified by both cryogenic and gas chromatographic techniques, and sulphur isotope abundances were measured by monitoring mass/charge ratios m/z 127, 128, 129 and 131 ( Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Acid-based chemical extraction procedures. The most precise laboratory technique for measuring sulphur isotope ratios involves the conversion of all sulphurbearing phases to SF 6 , which removes the potential for isobaric interference during mass spectrometric analysis 33, 34 . This study was performed with a sequential chemical extraction procedure on powdered whole rock that allowed the measurement of sulphur isotope ratios for different mineral phases. Meteorite samples were received either as rock chips or already powdered. Samples of shergottites, Y000593, NWA 6148 and NWA 998 received as rock chips were disaggregated in a steel mortar and then ground more finely with an agate mortar and pestle. Each powdered sample was transferred to a 15-ml centrifuge tube along with 10 ml of Milli-Q water. The tube was sonicated for 20 min to promote the dissolution of watersoluble sulphate from the sample. The tube was then centrifuged to allow separation of the solution from the solid sample by pipette. This process was repeated to yield a total of 20 ml of solution containing water-soluble sulphate, which was transferred to a boiling flask. A few drops of 0.5 N HCl were added to the flask to reduce the pH to ,3, followed by several drops of 1 M BaCl 2 solution to precipitate any sulphate in the solution as BaSO 4 . The flask was then allowed to evaporate to dryness before the sulphate was reduced by a procedure similar to that described below for acid-soluble sulphate.
The powdered sample was transferred from the centrifuge tube to a doublenecked boiling flask with a silicone septum. The flask was assembled with a watercooled condenser, a bubbler filled with Milli-Q water, and a sulphide trap into a distillation apparatus similar to that described in ref. 35 . All ground-glass joints were sealed with PTFE sleeves. The apparatus was assembled, checked for leaks and then purged with nitrogen for at least 10 min. For the first extraction step, 25 ml of 5 N HCl was injected into the boiling flask through the septum with a syringe. The solution was then heated to ,60 uC. AVS in the sample, presumed to consist primarily of monosulphides, reacted with the HCl to evolve H 2 S gas, which was captured in an acidic AgNO 3 solution. After completion of the AVS reduction reaction (,3 h), the sulphide trap with capture solution was replaced and 25 ml of a reduction solution prepared from 12 N hydrochloric acid, 48% hydriodic acid and 50% hypophosphorus acid (a 'Thode solution' 36, 37 ) were added to the boiling flask. The solution was heated to ,85 uC. During the next 4.5 h, acid-soluble sulphate in the sample reacted to form H 2 S, which was captured in the manner described above.
At this point, two slightly different techniques were used to extract the final sulphurbearing fraction. For all but the last three shergottites analysed (NWA 7032, NWA 7042 and Tissint), on completion of the acid-soluble sulphur reduction, the sulphide trap was again replaced with fresh AgNO 3 solution. An acidic Cr(II) solution (15 ml) was injected into the boiling flask containing the AVS and Thode solution, which had already been heated to ,85 uC. During the next ,3 h, CRS minerals were converted to H 2 S and captured in the AgNO 3 solution. Pyrrhotite, the most common monosulphide mineral in the Martian meteorites, is in general readily extracted in the AVS fraction, but extractions of terrestrial pyrrhotite-rich basalts 38 and nakhlites (this study) suggest that some sulphur-rich pyrrhotite compositions are unreactive to 5 N HCl and instead contribute to the CRS fraction. The CRS fraction also would include any disulphide minerals and elemental sulphur present in the sample.
The sulphur isotope ratios for the shergottite CRS fractions obtained with the above procedure showed an anomalous pattern of depletion in 34 S and enrichment in 33 S, prompting the concern that complex chemical reactions had occurred between the Thode and CRS solutions to produce isotopically biased CRS results. For this reason, the following modified procedure was used to extract the CRS fraction from Chassigny, Y000593, NWA 6148, NWA 998, NWA 7032, NWA 7042 and Tissint. On completion of the acid-soluble sulphate reduction, the boiling flask was cooled and its contents were transferred to 30-ml centrifuge tubes. After separation of the acid solution from the solid sample powder, the sample was rinsed with Milli-Q water several times to clean it before being transferred back to the doublenecked boiling flask. The following day, the distillation apparatus was reassembled, checked for leaks and again purged with nitrogen for 10 min. A fresh sulphide trap with AgNO 3 capture solution was installed. For the final reduction step, 15 ml of the CRS solution and 15 ml of 5 N HCl was injected into the boiling flask, which was then heated to ,85 uC, converting CRS in these samples to H 2 S and capturing it in AgNO 3 solution, as previously described.
The H 2 S evolved in each step of the extraction process reacted with the AgNO 3 in the capture solution to form Ag 2 S, which was cleaned with Milli-Q water and 1 M NH 4 OH solution, and then dried. The Ag 2 S was converted to SF 6 by reaction with 250 mmol of fluorine gas in a nickel reaction vessel at 250 uC for 8 h. The SF 6 was subsequently condensed from the residual F 2 into a trap cooled with liquid nitrogen. Excess F 2 was passivated by reaction with KBr salt. Replacement of the liquid nitrogen coolant on the trap with ethanol slush at 2115 uC allowed distillation of the SF 6 from the trap into the liquid-nitrogen-cooled injection loop of a gas chromatograph. The SF 6 was purified using a 1/8-inch-diameter, 6-foot-long Molecular Sieve 5A gas chromatograph column and then a 1/8-inch-diameter, 12-foot-long Haysep-Q gas chromatograph column. Both columns were held at 50 uC, with a helium carrier gas flow rate of 20 ml min 21 . After its elution from the gas chromatograph, the SF 6 was captured in spiral glass traps cooled with liquid nitrogen, and then transferred to the bellows of a ThermoFinnigan MAT 253 dualinlet gas source mass spectrometer. The sulphur isotopic composition of the SF 6 was measured by monitoring SF 5 Several samples were excluded from calculations of the weighted mean for shergottite AVS isotopic composition. As discussed in the main text, three shergottites were found to possess MIF sulphur isotopic compositions in their AVS fractions (NWA 2990, NWA 5960 and Los Angeles) and were excluded from weighted mean calculations for d Samples of MIL 03346 and ALH 84001 were disaggregated in a steel mortar and then ground more finely with an agate mortar and pestle. Each powdered sample was transferred to a 15-ml centrifuge tube along with 10 ml of Milli-Q water. The tube was sonicated for 30 min to promote the dissolution of water-soluble sulphate from the sample. The tube was then centrifuged to allow separation of the solution from the solid sample by pipette. This process was repeated to yield a total of 20 ml of solution containing water-soluble sulphate, which was transferred to a boiling flask before the sulphate was reduced by a procedure similar to that described below for acid-soluble sulphate.
The powdered sample was transferred from the centrifuge tube to a doublenecked boiling flask with a silicone septum. The flask was assembled with a watercooled condenser, a bubbler filled with Milli-Q water, and a sulphide trap into a distillation apparatus as described above. All ground-glass joints were sealed with PTFE sleeves. The apparatus was assembled, checked for leaks and then purged with nitrogen for 10 min. For the first extraction step, 20 ml (25 ml for ALH 84001) of 5 N HCl was injected into the boiling flask through the septum with a syringe. The solution was then heated to ,60 uC to reduce AVS in the sample to H 2 S, which was captured in an acidic AgNO 3 solution. After 3 h, the first sulphide trap and bubbler were replaced with a new trap and bubbler containing fresh silver nitrate solution and fresh Milli-Q water, respectively, and the reaction was continued for 30 min for MIL 03346 and ,4 h for ALH 84001. After the second sulphide trap and the bubbler were removed and replaced with a new trap and a bubbler filled with fresh Milli-Q water, 15 ml of acidic ,0.3 M Cr(II) solution was then injected into the hot boiling flask (,60 uC) and the reaction was allowed to proceed for a total of 4 h for the extraction of CRS. After 3 h, the third sulphur trap and the bubbler were removed and a new sulphur trap and a bubbler were used for the remaining 1 h of the reduction. Again, after a new sulphur trap and a bubbler were introduced, 20 ml of Thode solution (see above) was injected into the hot boiling flask for the reduction of acid-soluble sulphate. During the course of heating (,85 uC) and purging with nitrogen (,40 h), the sulphide trap and the bubbler were changed seven times (five times for ALH 84001) for a new trap containing fresh silver nitrate trapping solution and Milli-Q water, respectively.
The H 2 S evolved in each step of the extraction process reacted with the AgNO 3 in the capture solution to form Ag 2 S, which was subsequently cleaned, dried and fluorinated in the manner described in the preceding section for ultimate determination of sulphur isotope ratios.
Samples of MIL 090030, MIL 090032 and MIL 090136 were disaggregated in a steel mortar and pestle. Each powdered sample was transferred to a 15-ml centrifuge tube along with 10 ml of Milli-Q water. The tube was sonicated for 30 min to promote the dissolution of water-soluble sulphate from the sample. The tube was then centrifuged to allow separation of the solution from the solid sample by pipette. This process was repeated to yield a total of 20 ml of solution containing watersoluble sulphate, which was transferred to a boiling flask and allowed to evaporate to dryness before the sulphate was reduced by a procedure similar to that described below for acid-soluble sulphate.
The powdered sample was transferred from the centrifuge tube to a doublenecked boiling flask with a silicone septum. The flask was assembled with a watercooled condenser, a bubbler filled with Milli-Q water, and a sulphide trap into a distillation apparatus as described above. All ground-glass joints were sealed with LETTER RESEARCH
